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A feed forward equalizer and a method for analog equali- 
zation of a data signal 

The invention refers to equalization of data pulses which 
5 are severely distorted by a transmission line/channel. 

In bandwidth efficient digital communication systems the 
effect of each symbol transmitted over a time dispersive 
channel extends beyond the time interval used to repre- 

10 sent that symbol- The distortion caused by the resulting 
overlap of received symbols is called intersymbol inter- 
ference (ISI) . Intersymbol interference (ISI) arises in 
all pulse modulation systems, including frequency shift 
keying (FSK) , phase shift keying (PSK) and quadrature am- 

15 plitude modulation (QAM) and pulse amplitude modulation 
(PAM) . 

Band limiting of the transmission channel results in the 
data signal at the receiver being subject to distortion 
2 0 caused by intersymbol interference (ISI) . 

When transmitting data pulses via a data transmission 
channel severe signal distortion caused by band limiting 
of the transmission channel, signal reflections (echo) 
25 are caused by incorrect matching to the line impedance 
both at the transmitting end and at the receiving end of 
the data transmission channel and resonances in the 
transmission characteristic of the data transmission 
channel degrade the received signal . 

30 

The purpose of an equalizer placed in the path of the re- 
ceived signal is to reduce the intersymbol interference 
(ISI) as much as possible to maximize the probability of 
correct decisions. Accordingly an equalizer is a filter 
35 to reduce the effect of intersymbol interference. 
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There are many different type of equalizers. The simplest 
form of an equalizer is a linear transversal equalizer 
wherein the current and passed values of the received 
5 data signal are linearly weighted by equalizer coeffi- 
cients which are summed up to produce an equalizer output 
signal . 

Non linear decision feedback equalizers (DFE) are par- 

10 ticularly useful for data transmission channels which se- 
vere amplitude distortion. A decision feedback equalizers 
(DFE) uses decision feedback to cancel the interference 
from symbols which have been already detected. The deci- 
sion feedback equalizer comprises a forward circuit part 

15 and a feedback circuit part and the equalized signal is 
formed by the sum of the outputs of the forward and feed- 
back parts. The forward circuit part of the decision 
feedback equalizer is formed like a linear transversal 
equalizer as discussed above. Decisions made on the 

2 0 equalized signal are fed back via a second transversal 
filter. The basic idea of decision feedback equalizers is 
that if the values of the symbols are already detected 
are known (past decisions assumed to be correct) then the 
intersymbol interference contributed by these symbols can 

25 be canceled exactly, by subtracting path symbol values 
with appropriate weighting from the equalizer output. 

In contrast to lower- frequency applications for data 
transmission (for example 2Mbit/s band) , complex equali- 

30 zation of the data stream upstream of a data recovery 
unit (for example clock and data recovery, CDR) is not 
possible. Conventional methods which are based on over- 
sampling by means of analog/digital converters and digi- 
tal equalization (for example Viterbi decoders. Decision 

35 Feedback Eq. Etc.) can generally not be used for very 
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high data rates, for technological reasons (maximum band- 
width of semiconductor technology) . 

At present , the preamplifiers for data transmission ap- 
5 plications via PBC or back-plane connections are gener- 
ally simple limiting amplifiers. They are provided to 
maximize the eye opening, that is to say the amplitude of 
the signal, in order that the downstream data recovery 
unit has as much signal energy as possible with the best 
10 possible signal-to-noise ratio (SNR) for evaluation at 
the decision time. 

Increasing the SNR by signal limiting is valid only for 
as long as the input signal to be amplified is not sub- 
15 ject to major edge an/or amplitude noise. However, in re- 
ality, the signal is generally noisy. The consequence of 
simple limiting is AM-to-PM conversion, that is to say 
conversion of the amplitude error to increased edge 
noise. Error- free recovery of the signal thus becomes 

2 0 considerably more difficult for the downstream data re- 

covery unit, in this case generally a clock and data re- 
covery circuit or timing recovery circuit. A worse bit 
error rate can generally be expected. The maximum possi- 
ble range and the maximum permissible attenuation of the 
25 channel are in consequence restricted. This is contrary 
to the requirement for high data rates of more than 1 
Gbit/sec over relatively highly band-limited transmission 
paths . 

3 0 A proposed prior art solution is to use complex adapta- 

tion methods. There are two major options for this - a 
linear feed forward equalizer (FFE) or an equalizer with 
feedback (DFE) , such as decision feedback. 
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Other conventional equalizers, which are based on statis- 
tical methods, can be used only to a limited extent at 
these high data rates owing to the lack of additional in- 
formation in the data stream, for example a preamble. 
5 This is a purely stochastic data stream. 

The implementation of the sated prior art adaptation 
methods - for example decision feedback (DFE) is consid- 
erable complex. 

10 

Figure 1 shows a feed forward equalizer (FEE) according 
to the state of the art . 

The transmitter sends a data signal via a data transmis- 
15 sion channel to the input of the feed forward equalizer 
as shown in figure 1. The feed forward equalizer (FFE) is 
provided to suppress intersymbol interferences (ISI) 
caused by the data transmission channel. For this purpose 
the feed forward equalizer (FFE) comprises a low path 
20 filter (LPF) which is connected in series to a first am- 
plifier Al the output of which is connected to substract- 
ing means to substract the filtered and amplified signal 
from the received signal buffered by a second amplifying 
means A2 . The equalized output signal of the feed forward 
25 equalizer (FFE) is output to a decision unit of a re- 
ceiver. The low path filter (LPF) employed by the feed 
forward equalizer (FFE) according to the state of the art 
as shown in figure 1 can be an analog or passive low path 
filter. 

30 

The analog equalization method according to the present 
invention combines discrete time methods with continuous- 
time methods for equalization of the data signal, in 
particular for high-speed serial data transmission, in 
35 which quantization of the signal is impossible or is too 



Attorney Docket No. 1406-143-2 

5 



complex. The method according to the invention offers a 
capability for simple signal equalization without feed- 
back. In most (multichannel) high-speed links, the neces- 
sary phases for the equalizer are required in any case 
5 for the subsequent timing recovery. Only a small amount 
of additional circuit complexity is thus required. Fur- 
thermore, this unit can be designed such that it can be 
adjusted as required - until the circuit function is re- 
duced to that of a normal limiting amplifier. In addi- 
10 tion, the gain levels/weighting coefficients of the feed 
forward equalizer according to the invention can be pro- 
grammed . 

Figure 2 shows the timing of a signal profile. A trape- 
15 zoidal signal is applied to the data transmission channel 
at the transmitter. The band limiting in the transmission 
path leads to the impulse response as shown in Figure 2b. 
The trailing edge of the impulse response leads, with a 
high data density, to superimpositions of the individual 
2 0 impulse responses - the signal Uin is distorted. The de- 
sired impulse response Uout provided to the receiver is 
illustrated at Figure 2c. In order to obtain this impulse 
response Uout/ it is necessary to subtract the appropriate 
time components from the actual impulse response. 

25 

The feed forward equalizer (FFE) according to the state 
of the art as shown in figure. 1 does not eliminate suffi- 
ciently the distortions caused by the data transmission 
channel for data signals with a high data rate (DR) of 
30 more than one gigabit per second (1 Gbit/sec) . 

Figure 3a shows the poles of the signal path formed by 
the low path filter (LPF) and the amplifier Al in the 
complex plane . 

35 
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Beside the pole of the low path filter the band limita- 
tion of the operation amplifier Al forms a parasitic 
pole. The ratio between the parasitic pole and the de- 
sired pole formed by the low path filter (LPF) should al- 

5 ways be higher than ten ( — — > 10 ) . Because of the band 

limitation of the operation amplifier Al the parasitic 
pole approximates the pole of the low path filter (LPF) 
with an increasing data rate (DR) . The basic problem of 
the feed forward equalizer (FEE) according to the state 
10 of the art is the band limitation of the analog elements. 

Figure 3b shows a bode diagram of the feed forward equal- 
izer (FFE) according to the state of the art as shown in 
Figure 1. As can be seen from figure 3b the parasitic 

15 pole caused by the operation amplifier Al causes a 
steeper amplitude decrease in the higher frequency range. 
The phase shift of the FFE approximates -180<^ with in- 
creasing data rate DR. Accordingly the group delay time 
is no longer constant and the impulse response of the 

20 feed forward equalizer (FFE) becomes unsymmetric with the 
increasing data rate DR. The unsymmetric pulse response 
of the feed forward equalizer (FFE) significates that the 
intersymbol interferences (ISI) caused by the data trans- 
mission channel can no longer be equalized by the equal - 

25 izer- 

Figure 4 illustrates the amplitude characteristic of the 
conventional feed forward equalizer (FFE) as shown in 
figure 1. When the data rate frequency of the transmitted 
3 0 data signal reaches the fundamental frequency of the op- 
eration amplifier the FFE equalizer according to the 
state of the art does not behave like an ideal equalizer, 
i.e. it does not compensate the attenuation of the data 
transmission channel by a reverse amplitude characteris- 



f 



Attorney Docket No, 1406-143-2 

7 



tic. The real forward equalizer (FFE) according to the 
state of the art comprises a -3dB alternation at the fun- 
damental frequency. When the parasitic pole of the ampli- 
fier approaches the fundamental frequency distortions oc- 
5 cur , 

When using conventional continues- time equalization meth- 
ods the equalizer comprises a transfer function which is 
inverse to the transfer function Hchaimei of the data trans - 
10 mission channel. Mathematically, this can be described in 
the Laplace plane as follows: 



^ A-Yl{l + s/coJ 
He<p.{s) = — M = — l^TT — (Equation 1) 



15 The following transfer function is obtained for the feed 

forward equalizer (FFE) shown in Figure 1. 

H,^,{s) = ^f-{s) = A^-A^j—^ . (Equation 2) 

20 H^{s) = ^f-{s)=A,-A,—-^ (Equation 3) 



Equation (3) illustrates the general representation of 
the implementation variant of the transfer function Hequ 
for approximation of the channel transfer function Hchannei- 
2 5 This implementation has the advantage that pole positions 
are required only for approximation - this is particu- 
larly advantageous for stability criteria. 

In a discrete-time representation, the transfer function 
30 according to equation (3) can be represented as follows: 
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= ^2 -A 
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^62 



(Equation 4) 

5 

Equation (4) provides the basic formal relationship to 
implement the feed forward equalizer according to the 
present invention. 

10 As has been shown above a conventional feed forward 
equalizer do not provide sufficient equalization for very 
high data rates of more than one gigabit per second. 

Accordingly it is the object of the present invention to 
15 provide a feed forward equalizer for equalization of a 
data signal received over a data transmission channel 
having a high data rate and a corresponding equalization 
method which are easy to implement and which provide a 
low technical complexity. 

20 

This object is achieved by a feed forward equalizer hav- 
ing the features of main claim 1 and a method for analog 
equalization of a received data signal having the fea- 
tures of main claim 19. 

25 

The invention provides a feed forward equalizer for ana- 
log equalization of a data signal received over a data 
transmission channel comprising: 

30 (a) a Master Delay Locked Loop (M-DLL) for generating 
equidistant reference phase signals; 
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a Slave Delay Line (S-DL) formed by serial connected 
Slave Delay Units (SDU) , 

wherein each Slave Delay Unit (SDU) has a Slave De- 
lay Element (SDE) to delay the received data signal 
with a predetermined delay time (AT) and 
an analog amplifier which amplifies the delayed out- 
put signal of the Slave Delay Element (SDE) with a 
respective weighting coefficient to generate a 
weighted delay signal, 

wherein the analog amplifier is switched transparent 
in response to a corresponding reference phase sig- 
nal generated by said Master Delay Locked Loop (M- 
DLL) ; and 

15 (c) subtracting means for subtracting the weighted delay 
signals which are selected by means of a multiplexer 
from the received data signal to generate an equal- 
ized output data signal. 

2 0 In a preferred embodiment the multiplexer is controlled 

by a control word stored in a control register. 

In a further embodiment of the feed forward equalizer ac- 
cording to the present invention the weighting coeffi- 
25 cients are stored in a coefficient register. 

In a further preferred embodiment the weighting coeffi- 
cients are programmable by a control unit . 

3 0 In a further preferred embodiment the feed forward equal- 

izer according to the present invention the slave delay 
line (SDL) comprises a predetermined number of slave de- 
lay units (SDL) which are connected in series. 



(b) 
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In a preferred enibodiment the master delay locked loop 
(DLL) comprises a predetermined number of master delay 
(MDU) units which are connected in series. 

5 In a preferred embodiment of the feed forward equalizer 
according to the present invention each master delay unit 
(MDU) includes a master delay element and an amplifier. 

The master delay locked loop (MDU) is clocked in a pre- 
10 ferred embodiment by a reference clock signal (CLK) . 

In a preferred embodiment the clock period of the refer- 
ence clock signal (CLK) is a fraction of the unit inter- 
val (UI) of the data signal. 

15 

In a preferred embodiment of the feed forward equalizer 
(FFE) according to the present invention the slave delay 
elements (SDE) are formed identical to the master delay 
elements (MDE) . 

20 

In a preferred embodiment of the feed forward equalizer 
according to the present invention all weighted delay 
signals are supplied to input terminals of the multi- 
plexer (MUX) which switches the weighted delay signals 
25 through a central summation point depending from the con- 
trol word stored in said control register. 

In a preferred embodiment the weighted delay signals 
which are switched through by said multiplexer (MUX) are 
3 0 substracted at the central summation point from the re- 
ceived data signal . 

In an alternative embodiment of the feed forward equal- 
izer (FFE) according to the present invention each slave 
35 delay unit (SDU) of the slave delay line (SDL) further 
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includes a decentral summation point to substract the 
weighted delay signal from the received data signal . 

In a preferred embodiment the decentral summation points 
of the slave delay units (MDU) are connected to respec- 
tive input terminals of the multiplexer (MUX) which 
switches the decentral summation points through to an 
output of the multiplexer depending on the control word 
stored in said control register. 

In a preferred embodiment of the feed forward equalizer 
(FFE) according to the present invention the equalized 
output data signal is amplified by a post amplifier. 

15 The equalized output data signal is preferably supplied 
to a decision unit of a receiver. 

In a preferred embodiment of the feed forward equalizer 
(FFE) according to the present invention a buffer is pro- 

2 0 vided for buffering the received data signal. 

In a preferred embodiment of the feed forward equalizer 
(FFE) according to the present invention the data rate 
(DR) of the received data signal is more than one gigabit 
25 per second (DR > 1 Gbit/sec. 

The invention further provides a method for analog 
equalization for a received data signal having the fea- 
tures of main claim 19. 

30 

The invention provides a method for analog equalization 
of a received data signal comprising the following steps: 

(a) generating equidistant reference phase signals by 

3 5 means of a delay locked loop (DLL) , 
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(b) delaying the received data single by means of serial 
connected delay elements, 

5 (c) amplifying the delayed output signals of the delay 
elements with respective weighting coefficients by means 
of analog amplifiers to generate weighted delay signals, 
wherein the analog amplifiers are switched transparent in 
response to the reference phase signals generated by said 
10 delay locked loop (DLL) , 

(d) selecting weighting delay signals by means of a mul- 
tiplexer depending on a stored control word, and 

15 (e) substracting the selected weighted delay signals 
from the received data signal to generate an equalized 
output data signal . 

The invention provides a combination of discrete-time 
20 circuit technology for high-speed serial data transmis- 
sion channel. The formal relationship, as shown in equa- 
tions (3) or (4) , for approximation of the channel can be 
implemented according to the invention both on a continu- 
ous-time basis and on a discrete- time basis. 

25 

In the following preferred embodiments of the feed for- 
ward equalizer (FFE) and of the method for analog equali- 
zation of a received data signal are described with ref- 
erence to the enclosed figures. 

30 

Figure 1 shows a conventional feed forward equalizer 
(FFE) according to the state of the art; 
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Figure 2 shows a timing diagram for a feed forward equal- 
izer (FFE) according to the state of the art at a low 
data rate; 

5 Figure 3a) shows a pole diagram of a conventional feed 
forward equalizer (FFE) according to the state of the art 
as shown in figure 1; 

Figure 3b shows a bode diagram of a conventional feed 
10 forward equalizer (FFE) according to the state of the art 
as shown in figure 1; 

Figure 4 shows a amplitude characteristic of a conven- 
tional feed forward equalizer (FFE) according to the 
15 state of the art to illustrate the problem to be solved 
by the feed forward equalizer according to the present 
invention; 

Figure 5 shows a first embodiment of the feed forward 
2 0 equalizer according to the present invention; 

Figure 6 shows timing diagrams to illustrate the func- 
tionality of the feed forward equalizer according to the 
present invention. 

25 

Figure 7 shows an implementation of the first embodiment 
of the first feed forward equalizer according to the pre- 
sent invention as shown in figure 5; 

30 Figure 8 shows a second embodiment of the feed forward 
equalizer according to the present invention; 

Figure 9 shows an implementation of the second embodiment 
of the feed forward equalizer according to the present 
35 invention as shown in figure 8; 
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Figure 10 shows a circuit diagram of a delay element as 
employed in the feed forward equalizer according to the 
present invent ion ; 

5 

Figure 11 shows a circuit diagram of two cascaded delay 
elements according to the present invention as shown in 
figure 10. 

10 In the following preferred embodiments of the feed for- 
ward equalizer (FFE) according to the present invention 
are described with respect to the enclosed figures. 

As can be seen from figure 5 which shows a first embodi- 

15 ment of the feed forward equalizer 1 according to the 
present invention the equalizer 1 receives at a data in- 
put 2 a high frequency serial data signal transmitted by 
a transmitter 3 via a data transmission channel 4 . The 
feed forward equalizer 1 according to the present inven- 

20 tion is provided to eliminate intersymbol interferences 
(ISI) caused by the data transmission channel 4. The feed 
forward equalizer 1 according to the present invention 
comprises a data output 5 which supplies an equalized 
output data signal or a decision unit 6 of a receiver. 

25 The feed forward equalizer 1 according to the present in- 
vention further comprises a clock input terminal 7 for 
reception of a reference clock signal (CLK) . The refer- 
ence clock signal (CLK) is either generated by a clock 
signal generator 8 or is formed by a system clock signal . 

3 0 The feed forward equalizer 1 according to the present in- 
vention further comprises a control input terminal 9 for 
reception of a control word from a control unit 10 of the 
receiver. 
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The feed forward equalizer 1 according to the present in- 
vention is provided for analog equalization of the data 
signal received over the data transmission channel 4. The 
feed forward equalizer 1 comprises a master delay locked 
5 loop 11 for generating equidistant reference phase sig- 
nals which are supplied to a slave delay line 12. The 
slave delay line 12 is formed by a serial connected slave 
delay units 13 -i. Each slave delay unit 13 -i comprises a 
slave delay element 13a- i to delay the received data sig- 

10 nal with a predetermined time delay and an analog ampli- 
fier 13b- i which amplifies the delayed output signal of 
the slave delay element 13a- i with a respective weighting 
coefficient bi to generate a weighted delay signal. The 
weighting coefficients bi are stored in a preferred em- 

15 bodiment in a coefficient register 13c-i of the slave de- 
lay unit 13. The weighting coefficients bi are in a pre- 
ferred embodiment programmable by the control unit 10. 
The control unit 10 writes the desired weighting coeffi- 
cients bi into a register 14 of the feed forward equalizer 

2 0 1 from where they are copied via internal lines 15 to the 
coefficient registers 13c-i of the slave delay units 13- 
i. The analog amplifiers 13b- i of the slave delay units 
13 -i are switched transparent in response to a corre- 
sponding reference phase signal C(p generated by the master 

25 delay locked loop 11. The master delay locked loop 11 
supplies the generated reference phase signals Cq, via con- 
trol lines 16-i to the respective analog amplifiers 13b-i 
within the slave delay units 13 -i of the slave delay line 
12 . 

30 

In the first embodiment as shown in figure 5 the output 
of each analog amplifier 13b- i of the slave delay line 12 
is connected via a corresponding signal line 17-i to an 
input terminal 18-i of a N:M Multiplexer 19 having N in- 
35 put terminals 18-i and M output terminals 20. The multi- 
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plexer 19 comprises control input terminals 21 which are 
connected via control lines 22 to the programmable regis- 
ter 14. 

5 The number M of output terminals of the NiM multiplexer 
19 is smaller or equal to the number N of input terminals 
N of the multiplexer 19. The output terminals 20 of the 
multiplexer are connected via M output lines 23 to sub- 
stracting means 24 which are provided for substracting 
10 the weighted delay signals which are selected by means of 
the multiplexer 19 from the received data signal to gen- 
erate an equalized output data signal. 

The feed forward equalizer 1 according to the present in- 
15 vention as shown in figure 5 comprises a first buffer 25 
and a second buffer 2 6 for buffering the received input 
data signal . The received data signal buffered by the 
second buffer 2 6 is supplied to the substracting means 24 
which is formed as a central summation point. The signal 
20 output by the multiplexer 19 is substracted from the re- 
ceived data signal to generate equalized output signals. 

The feed forward equalizer 1 according to the first 
embodiment as shown in figure 5 further comprises a post 

25 amplifier stage 27 for amplification of the equalized 
output data signal before it is supplied to the decision 
unit via output data terminals 5 of the feed forward 
equalizer 1. The buffers 25, 26 and the post amplifying 
stage 24 are formed preferably by differential amplifi- 

30 ers. 

Figure 6 illustrates the functionality of the feed for- 
ward equalizer 1 according to the present invention as 
shown in figure 5. 



35 



f 



Attorney Docket No. 14 06-143-2 

17 

Figure 6a shows a data impulse representing a data bit 
transmitted by the transmitting device 3 via the data 
transmission channel 4 through the data input 2 of the 
feed forward equalizer 1. The logical high data bit is 
5 represented via a signal impulse having predetermined 
time length called the unit interval UI . 

Figure 6b shows the received data pulse (Uin) at the data 
input terminal 2 of the feed forward equalizer 1 which 
10 have been distorted by the data transmission channel 4. 

The master delay locked loop 11 generates equidistant 
reference phase signals which are spaced from each other 
with a time difference AT which is fraction of the unit 
15 interval UI : 

AT = Ul/m m=l, 2,3... 

The reference phase signals CU generated by the master 
20 delay locked loop 11 switch the analog amplifiers 13c-i 
within the slave delay line 12 sequentially with the time 
delay AT transparent so that the received data signal de- 
layed by the delay elements 13a-i within the delay line 
12 is amplified with the weighting coefficients bi and 
25 the weighted signals are substracted from the original 
data signal when they are switched switch through by the 
N:M multiplexer 19 according to the control word stored 
in the register 14 . 

3 0 The equalized output data signal at the output terminal 5 
is shown in figure 6b. In the given example as shown in 
figure 6 the weighting coefficients b2, b3 , b4, b5 are 
programmed as shown in figure 6b and the multiplexer 19 
is programmed in such a manner that corresponding weight- 

3 5 ing output signals are switched to the substracting means 
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24 . In the given example the weighted output signals 
weighted with the coefficients bO, bl are blocked by the 
multiplexer 19 since in this signal region the received 
input signal Ulin is comparatively high i.e. over a chosen 
5 threshold value Uth- 

The control register 19 stores the values of the weight- 
ing coefficients bi and the input terminals 18 -i to be 
blocked by the multiplexer 20. The control register 19 is 
10 programmable by the control unit 10 according to the 
known impulse response of the data transmission channel 
4 . 

Figure 6c shows the equalized signal output by the sub- 
15 stracting means 24 after the weighted output signals b2, 
b3, b4, b5 have been substracted from the original re- 
ceived data input signal . 

Figure 7 shows the implementation of the first embodiment 
20 of the feed forward equalizer 1 according to the present 
invention as shown in figure 5. 

As can be seen from figure 7 the feed forward equalizer 1 
is formed in this preferred embodiment fully differen- 
25 tial. 

As can be seen from figure 7 the slave delay line 12 is 
formed by slave delay units 13 -i which are connected in 
series to each other. Each slave delay unit 13 -i com- 

3 0 prises a slave delay element 13a- i, an analog amplifier 
13b-i and an integrated control register 13c-i for stor- 
ing the programmable weighting coefficients bi for the re- 
spective analog amplifier 13b-i. The analog amplifiers 
13b- i are switched transparent in response to a corre- 

35 spending reference phase signal CU supplied to the ampli- 
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fier 13b-i via a control line 16-i from the master delay 
locked loop 11. The differential outputs of the analog 
amplifiers 13b-i are supplied via signal lines 17 to the 
output terminal 18 of the N:M multiplexer 19 as shown in 
5 figure 7. 

Figure 7 shows the master delay locked loop 11 for gener- 
ating the equidistant reference phase signals CU supplied 
via lines 16 to the slave delay line 12 in more detail. 

10 The master delay locked loop 11 comprises a predetermined 
number N of master delay units 2 8-i which are connected 
in series to each other. Each master delay unit 18 -i in- 
cludes a master delay element 29-i and an signal ampli- 
fier 30-i. The master delay locked loop 11 is clocked by 

15 a reference clock signal CLK supplied to the differential 
clock signal input 7 of the master delay locked loop 11. 
The clock signal CLK is amplified by a first differential 
amplifier 31 and supplied to a chain of the master delay 
unit 29-i. The amplified clock signal is further supplied 

20 to a second differential amplifier 32 which outputs the 
clock signal to a phase detector 33 . 

The phase detector 3 3 compares the phase between the out- 
put signal of the last master delay unit 3 0-n and the 

25 clock signal amplified by means of the second amplifier 
32 . The output signal of the phase detector which is pro- 
portional to the phase difference is supplied to a low 
path loop filter 34 which filters the phase difference 
and supplies a feedback signal via a feedback line 35 to 

3 0 control input of the master delay elements 2 9-i. 

The master delay unit 11 regulates the two input signals 
at the input of the phase detector 33 in a first version 
to a phase difference of 180° and in a second version to 
35 a phase difference of 360°. 
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The phase reference signals generated by the master delay 
locked loop 11 N/P-CLK-l to N/P-CLK-N comprise an equi- 
distant phase difference. A phase reference signal gener- 
5 ated by a master delay unit 28-i within a master delay 
line 11 is supplied via a control line 16 to a corre- 
sponding slave delay unit 13 -i of the slave delay line 12 
to switch the included amplifier 13b-i transparent to the 
corresponding input terminal 18-i of the multiplexer 19. 

10 

In a preferred embodiment the slave delay element 13a- i 
in a slave delay unit 13 -i is identical in design to the 
master delay element 29-i within the master delay unit 
28-i . 

15 

The gain of the amplifiers 13b-i within the slave delay 
unit 13 -i is programmable according to the weighting co- 
efficients stored in the corresponding register 13c- i of 
the slave delay unit 13 -i. The delay elements 13 -i form 
20 the time delay Z"^"^ in equation (4) . The amplifiers 13c- i 
form the coefficients bi . The overall delay is obtained 
from the sum of the individual delays . 

The delay within the slave delay element 13 -i is imple- 
25 mented in such a way that the slave delay element 13 -i 
disconnects the input signal with the rising edge of CLKl 
... n of the differential clock signal P/N-CLKl ... n to- 
ward the amplifier 13b-i. The signal from the slave delay 
element 13 -i is passed to the next slave delay element 
30 13-i+l while the signals from the amplifiers 13b-l to 
13b-n are passed to the multiplexer 19. 

Depending to the desired equalization depth the number N 
of delay elements can be varied, or can be matched by 
35 suitable coefficients (gain) . 
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At the summation point 24 the weighted signals and the 
undelayed received data signal are substracted from each 
other. The difference signals which represents the equal - 
5 ized output signal is additionally amplified or limited 
by the amplifying stage 27. 

An advantage of the implementation according to the pre- 
sent invention as shown in figure 7 is the capability to 

10 implement the equalizer 1 with a simple analog circuitry 
(for example current mode) . A quasi digital operation is 
provided with a wide bandwidth at the same time with a 
differential signal routing. According to the present in- 
vention the advantages of a simple digital signal proc- 

15 essing are combined with the advantages of a broadband, 
interference-resistant, analog implementation for signal 
equalization. 

In the second embodiment the feed forward equalizer 1 as 

2 0 shown in figure 8 substracting of the weighted delay sig- 

nals is performed within slave delay units 13 -i of the 
slave delay line 12. The central summation point 24 ac- 
cording to the first embodiment of the feed forward 
equalizer 1 as shown in figure 5 is substituted by decen- 
25 tralized summation point 24-i. In each slave delay unit 
13 -i of the slave delay line an input buffer 26 -i and a 
decentral summation point 24-i is integrated. 

Figure 9 shows the feed forward equalizer 1 according to 

3 0 the second embodiment as shown in figure 8 in more de- 

tail . 

In the second embodiment as shown in figure 9 each slave 
delay unit 13 -i comprises a slave delay element 13a-i, an 
35 analog amplifier 13b-i and a coefficient register 13c-i 
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as in the first embodiment shown in figure 1. However, in 
the second embodiment of figure 9 each slave delay unit 
13-i further comprises a decentralized summation point 
24 -i and a signal buffer 26- i. The decentral summation 
5 points 24 -i of the slave delay units 13-i are connected 
to respective input terminals 18 of the multiplexer 19 
which switches the decentral summation points through to 
an output of the multiplexer depending on a control word 
stored in the control register 14. The equalized output 

10 signal is amplified by the output amplifying stage 27 and 
supplied to a decision unit of a receiver via an output 
terminal 5 of the feed forward equalizer 1. The advantage 
of the second embodiment of the feed forward equalizer 1 
as shown in figure 9 is that it can be implemented in a 

15 particularly advantageous manner using analog circuitry. 

Depending on the programming the feed forward equalizer 1 
can operate with 1, 2 or any N desired stages. For this 
purpose the delayed and weighted signal from the previous 
20 stage i is passed to the summation point of the next 
stage i+1. The control provided from the subsequent stage 
by a signal CS (i+1) . The summation of the previous stage 
i is no longer taken into account. The equalized signal 
from the stage (i+1) is selected via a multiplexer. 

25 

Figure 10 shows a transistor circuit in which a slave de- 
lay element 13-i as shown in Figure 9 of the second em- 
bodiment is illustrated. The transistor pairs Ml and M6, 
MN2 and MN5 as well as MN3 and NM4 form a differential 

30 amplifier. The summation point 24-i is formed as the cur- 
rent sum in the resistor RL. The difference pair MN3 and 
MN4 form the amplifier 26-i. The transistors MNl, MN6, 
MN2 and MN5 form the amplifier 13b-i. The transistors MN8 
and MN9 switch the current source 102, which can be set 

35 as a function of Bn[y:0]. If the signal is intended to be 
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passed to the next stage i+1, then the signal supplied 
via line 16-1 becomes positive and NCS supplied via line 
16-1 becomes negative. The complete current I02 is now 
passed to the difference pairs MN2/MN5. The gradient of 
5 the transistors MNl, MN2 , MN5 and MN6 is ideally the 
same . 

The transistors MN3 and MN4 are driven from the amplifier 
25 as shown in Figure 10. The delay elements 13a-i may be 
10 in any desired form. However, it is once again advanta- 
geous in this case for both delay elements to be an ar- 
rangement based on difference amplifier stages. 

Figure 11 shows a cascaded arrangement. The outputs D-^D. 

15 are in this case connected to the summation point of the 
next stage i + 1. The signals Af , Af are passed to the mul- 
tiplexer 19, as shown in Figure 8. The signals VN and VP 
are connected only to the next difference pair (MN3 & 
MN4) in this stage. 

20 

The advantage of the cascaded arrangement as shown in 
Figure 11 is the completely symmetrical structure, which 
allows differential signal processing. The layout can be 
optimally matched to the signal flow, and signal line 
25 crossings can be avoided to the maximum extent. This is 
particularly advantageous for radio -frequency applica- 
tions . 

The feed forward equalizer 1 according to the present in- 
30 vention provides an analog signal equalization. The feed 
forward equalizer 1 according to the present invention 
uses digital concepts for equalization realized with ana- 
log components. A master delay locked loop 11 generates 
equidistant reference signals. Advanced delay units with 
35 inherent weighting filter coefficients are based on a 
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digital concept for equalization. The feed forward equal- 
izer 1 according to the present invention is especially- 
suited for high frequency data signals having a data 
transmission rate of more than one Gbit/sec. The used 
analog circuitry is easy to implement and to integrate on 
a chip - 



